ABSTRACT This paper proposes a state prediction adaptive sliding mode (SPASM) control method for the remotely piloted system (RPS). With consideration of the time delay caused by the large transmission delay existing in the RPS, a prediction algorithm is proposed to provide the state prediction by using the state transition matrix. To approximate the uncertain lag of the remotely piloted vehicle (RPV) control augmentation system, an adaptive law is proposed to estimate the parameter uncertainties, and the overestimating problem is resolved efficiently. Meanwhile, to deal with the unmodeled dynamics and the predicted errors, a sliding mode controller is designed to guarantee the robustness of the whole closed-loop system. The simulation results show that the SPASM controller can not only guarantee the stability of the RPS in the presence of large time delay but also has a desirable performance of tracking the pilot's inputs while existing the unmodeled dynamics and parameter uncertainties.
I. INTRODUCTION
Manned/unmanned aerial vehicle cooperative combat can simultaneously take advantages of manned vehicle with abilities of good battlefield perception and strong decisionmaking and the advantages of unmanned vehicle with abilities of flexible tactical maneuver, strongly sustained warfare ability and low cost. It can also effectively reduce casualties, thereby it will be an important mode of aerial combat in the future [1] , [2] . The core problem of manned/unmanned aerial vehicle cooperative combat is to realize real-time remotely piloting of UAV [3] , [4] . This kind of real-time remotely piloting is quite different from the current reconnaissance aircrafts, such as the Global Hawk and the Predator. Although these aircrafts have the function of remote control by the ground control station (GCS), the mission of the GCS is mostly limited to the UAV route command planning and target indication confirmation, instead of directly ''piloting'' the UAV in real time [5] - [7] . Therefore, in this control mode, time delay will only cause tracking deviation, and
The associate editor coordinating the review of this manuscript and approving it for publication was Ting Wang. will not cause the instability of aircraft. However, a remotely piloted vehicle (RPV) should be ''piloted'' by a pilot in real time, ensuring that it can perform its various tactical missions.
In the remotely piloted mode, a pilot is away from the cockpit of a vehicle and its associated in-flight environment, he ''pilots'' the RPV through the over-the-horizon (OTH) data link and the pilot/vehicle interface display. However, because of the large transmission delay in the OTH data link, and the time delay is in the large loop in which pilot generates the inputs, the large transmission delay may cause the pilot to over-operate the RPV and even lead to RPV instability [8] , [9] . Moreover, due to the strong maneuverability of RPV, its aerodynamic characteristics are very complex, and the coupling between aerodynamic parameters and flight dynamics are strong. In addition, unmodeled dynamics and parameter uncertainties always exist in large flight envelope and supersonic flight. These problems make it difficult to design the remotely piloted system (RPS). Therefore, it will be the vital technology for future manned/unmanned aerial vehicle cooperative combat under the conditions of large time delay, strong coupling, unmodeled dynamics and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ parameter uncertainties, ensuring the stability control of the RPS. Over the past decades, the robust control of time delay systems and uncertain systems have been widely investigated, and many researches have been studied in this field, including predictive control [10] - [14] , networked control [15] - [17] , robust sliding mode control [18] - [20] , adaptive control [21] - [23] , and intelligent control [24] - [28] . In [29] , an alternate approach to adapt the predictor model in real time using online parameter estimation techniques is developed to guarantee the tracking performance for a RPV. In [30] , a novel predictor-based model reference adaptive controller is proposed to compensate for input delays in uncertain nonlinear systems, and the controller can guarantee that the estimation error decreases asymptotically to zero. Anouar Benamor [31] focuses on the robust adaptive sliding mode control law for uncertain discrete systems with unknown time-varying delay input, where the uncertainty is assumed unknown, and then, a new sliding mode surface is derived within the linear matrix inequalities. In [32] , a control scheme combining the radial basis function neural network and discrete sliding mode control method is proposed for robust tracking and model following of uncertain time-delay systems with input nonlinearity. The proposed robust tracking controller guarantees the stability of an overall closedloop system and achieves zero tracking error in the presence of input nonlinearity, time-delays, time-varying parameter uncertainties, and external disturbances. Zhang et al. [33] proposes a sliding mode predictive controller with a new robust global sliding mode surface for a certain networked control system with random time delay, mismatched parametric uncertainty, and external disturbances. Robust control for time-delay systems have been studied in many papers, however, most of them are concentrated on the input time delay system [30] , [31] , [33] - [35] , others investigate the state time delay system, but the time delay system is mostly treated as an additional uncertain disturbance [32] , [36] , [37] . However, for the RPS, the state feedback of RPV in the overall closed loop is a pure time delay term, which should not be regarded as a simple uncertain disturbance.
To deal with the pure time delay system with state feedback, literatures [38] and [39] analyze the influence of the data link delay on the handling qualities of remotely piloted UAV, and a model-based predictor algorithm is used to improve UAV handling qualities by providing a ''quickened display'' to help the pilot compensate for its increased system time delay. The predictive display is found to substantially decrease pilot workload and improve Cooper-Harper ratings. However, due to unmodeled dynamics and parameter uncertainties of UAV, it will not have desirable tracking performance that the pilot's stick inputs are sent to the actuator of UAV directly. Therefore, in this paper we propose an innovative strategy of pilot/vehicle closed-loop system for RPS. The pilot's stick inputs are not sent to the RPV directly, instead the pilot's inputs are sent to the controller of RPS to calculate the remotely piloted commands, and then the commands as the reference signals are sent to the control augmentation system of RPV to realize the remote pilot of RPV in real time. It is well known that the adaptive sliding mode control (SMC) has its attractive features for the unmodeled dynamics and parameter uncertainties system [40] - [42] . In [43] , two adaptive integral terminal sliding mode control schemes, namely, adaptive integral terminal sliding mode control scheme and adaptive fast integral terminal sliding mode control scheme are proposed for unmanned underwater vehicles to achieve the trajectory tracking control in the presence of dynamic uncertainties and time-varying external disturbance. In [44] , an adaptive second-order fast nonsingular terminal sliding mode control scheme is proposed for the trajectory tracking of fully actuated autonomous underwater vehicles in the presence of dynamic uncertainties and time-varying external disturbances. The controller offers a faster convergence rate for the trajectory tracking control of fully actuated autonomous underwater vehicles.
In this paper, considering the RPS with large transmission delay, unmodeled dynamics and parameter uncertainties, a state prediction adaptive sliding mode (SPASM) controller of RPS is proposed. The main contributions of this paper are as follows:
1) An innovative strategy of pilot/vehicle closed-loop system is presented for RPS. The pilot's stick inputs are not sent to the actuator of RPV directly, instead the pilot inputs are sent to the controller of RPS to calculate the remotely piloted commands, and then the commands as the reference signals are sent to the control augmentation system of RPV to realize the remote pilot of RPV in real time.
2) A state predicted method based on sate transition matrix is proposed to remove the effects of transmission delay. The algorithm predicts the vehicle's final sate based on the remotely piloted command of RPS and current state of RPV. The predicted state is not only feedback to the controller, but also as a compensation providing a ''quickened display'' for pilot, which will help the pilot to rapidly see the effect of his inputs and determine next inputs.
3) The controller of the RPS is designed based on adaptive sliding mode control to guarantee the robustness of system considering the unmodeled dynamics and parameter uncertainties. 4) In this paper the main time delay of RPS is the transmission delay of data link, and once the bandwidth and the effective range of data link are selected, the time delay of transmission is known, nevertheless the lag caused by the control augmentation system of RPV is uncertain. Thereby the time delay in this paper is divided two parts: data link transmission delay is known, and the lag of the control augmentation system of RPV is unknown. The estimation of adaptive parameter is used to solve the delay deviation caused by the lag of RPV control augmentation system, and the sliding mode controller is used to solve the predicted errors caused by delay deviation of data link, which have ensured the stability of the whole closed-loop system. The rest of this paper is organized as follows. The dynamics model of RPV and the composition of the RPS are formulated in Section II. An adaptive sliding mode controller based on state delay prediction is presented in Section III and its stability is also analyzed later. Section IV gives simulation results and some discussions. Finally, conclusions are given in Section V.
II. MODEL DESCRIPTION AND PROBLEM FORMULATION A. DYNAMICS MODEL OF RPV
The dynamics model of RPV is described by Newton's 2 nd law [45] . The details are shown as follows:
where V , α, θ and q represent velocity, angle of attack, flight-path angle and pitch rate of the RPV, respectively, I yy and m stand for the moment of inertia and the mass, g is the acceleration owing to gravity, M yy denotes the pitching moment of RPV, and it conforms to the sign convention that a positive pitch fin deflection produces a negative moment, D and L indicate the drag and lift of the RPV, respectively. d i i = V , α, θ, q, n y are unknown unmodeled dynamics. The approximations of D, L and M yy are expressed as follows:
whereS,c denote reference area and reference length. With
where Ma is Mach, H is the altitude of RPV, H 0 is nominal altitude for air density approximation, 1 H s is the air density decay rate, C D is the drag coefficient 
B. PROBLEM FORMULATION
In this paper the RPS is a pilot/vehicle closed-loop system which consists of the RPV with control augmentation system, data link and remotely piloted station. The procedure of RPS is as follows: Pilot in the remotely piloted station sends the real-time stick inputs to RPS according to the vehicle predicted state parameters and situations displayed on the interface through the downstream channel of data link. The controller of RPS in remotely piloted station calculates the remotely piloted command based on the predicted state parameters, and the remotely piloted command is sent to RPV through the upstream channel of data link. The RPV control augmentation system tracks the remotely piloted command rapidly and precisely and changes the states of RPV. The state parameters of RPV collected by airborne data acquisition system are sent to remotely pilot station through downstream channel of data link.
In RPS the pilot's inputs cannot be sent to the RPV directly even if the vehicle has closed-loop control augmentation system independently, because the response of control augmentation system is greatly variable with altitude and velocity of RPV. Thereby if the pilot's inputs are sent to RPV directly, the large transmission delay and the uncertainties of RPV's controller response will cause pilot-induce oscillation (PIO) and engender the phenomenon of ''chasingswing'', which will increase the pilot's workload and degrade the pilot/vehicle system stability and tracking performance.
Therefore, we present a SPASM controller for the pilot/vehicle closed-loop system, and the structure can be seen in Fig.1 . The SPASM controller of RPS is designed to guarantee the stability of pilot/vehicle closed-loop system with large time delay and achieve high performance to track the pilot's inputs.
The latency in pilot/vehicle closed-loop system of RPS is defined as the time elapsed from pilot's inputs until an expected state feedback displayed in the pilot/vehicle interface. According to the generation of time delay, it primarily includes three parts. Uplink time delay τ up refers to the time from the pilot's input to the remotely piloted command received by the RPV control augmentation system. For the same reason,τ down is the downlink time delay from the state feedback of RPV to the pilot/vehicle interface display, and they are determined by the bandwidth and the effective VOLUME 7, 2019 range of the data link. τ c is the lag of the control augmentation system of RPV, which is variable with the altitude and velocity of vehicle. Therefore, in practical engineering, τ up , and τ down in RPS can be known in advance for a given data link, and the lag of the control augmentation system of RPV is unknown, thus the whole time delay in RPS is uncertain.
Remark 2: According to [33] , the total time delay can be equivalent to the lag of the pilot/vehicle interface display. Therefore, the data link delay τ up and τ down can be combined intoτ d to make their analysis easier. Based on them, the time delay model is established as follows:
However, in the actual flight condition, the deviation of time delay is inevitable. In this paper, in order to ensure the stability of the whole closed-loop system, an adaptive law is used to solve the delay deviation caused by the lag of control system of RPV, and the sliding mode controller is used to solve the predicted errors caused by delay deviation of data link.
To achieve the closed-loop control of RPS, we need to choose an appropriate parameter as the remotely piloted command, which is used not only as the reference command of the RPV to perform tactical missions, but also as the control input of the RPS controller. Considering that the tactical maneuver is realized through the normal overload in combat, therefore, the normal overload command n yc is used as the remotely piloted command of RPS. Moreover, the response characteristic of RPV control augmentation system needs to be considered because it greatly influences the stability of RPS. In order to effectively analyze and solve the influence of time delay on the stability of the RPS, the control augmentation system of RPV can be approximated as a first order model. However, because the characteristics of RPV controller are variable with altitude and velocity, the control augmentation system of RPV cannot be accurately modeled. Therefore, its time constant is time-varying and uncertain along with changes in flight environment. The approximately equivalent control augmentation system of RPV from the remotely piloted command n yc to the output n y is modeled as follows:ṅ
where T (t) is a time-varying uncertain parameter, which is variable with altitude and velocity and denotes the lag of the control augmentation system of RPV τ c . According to the flight mission of RPV, the state space of RPS control augmentation system can be described as follows:ẋ
where x = x 1 x 2 T = θ n y T is the state vector, which full state is available for feedback, u = n yc is control input of the state space, it is also sent to RPV as remotely piloted command. The coefficient matrixes of the close loop system are as follows: , 2) are the equivalent unknown factors, which represent not only parameter uncertainties and unmodeled dynamics, but also unknown nonlinear dynamics, nonlinear coupling and external disturbances [46] .
Remark 3: In the affine model (6), we use˜ i to represent the equivalent parameter uncertainties and unmodeled dynamics instead of a detailed expression of them. Derived from the unmodeled dynamics d i in (1) and uncertain parameters i in (3),˜ i is viewed as the congregational total of parameter uncertainties and unmodeled dynamics, and will be dealt with as a whole in this paper. Therefore, here we do not give the detailed expressions of˜ i . Similarly, we also do not give the detailed expressions ofˆ i in (13) .
Remark 4: Actually, the equivalent disturbances˜ i are in existence of almost every equation, and obviously, they are hard to be modeled and measured. Unfortunately, they are actually in existence in the dynamics of RPV, so a robust controller against the equivalent disturbances is needed.
III. STATE PREDICTION BASED ADAPTIVE SLIDING MODE CONTROLLER DESIGN A. STATE PREDICTION ALGORITHM
The algorithm is based on small perturbations linearized about an equilibrium state θ 0 n y0 , so we assume that all the unmodeled dynamics and parameter uncertainties do not exist. This means that˜ i = 0 in (6). Using delayed state parameters of RPV, small perturbations linearized aerodynamic model, and knowledge of the amount of time delay present, the algorithm predicts the future state of RPV based on remotely piloted command and current state. With the coefficient frozen method, the longitudinal dynamics (6) can be linearized as follows:
whereĀ
whereT is a fixed value of the equivalent time constant about the equilibrium state θ 0 n y0 . The RPV flight state is x (t +τ d ) at the flight time (t +τ d ), we assume that the data link delay time of RPS isτ d , then at the same time, the state feedback of RPV to the pilot/vehicle interface display is x (t). Therefore, it is necessary to predict the state to ensure that the state feedback of RPV received by a pilot is synchronized with its real flight state. The solution for time-varying linear system is expressed as follows:
where φ (t, τ ) = eĀ (t−τ ) is the state transition matrix. It can be seen from the above expression that the flight state at any time can be obtained as long as the initial state of RPV and the remotely piloted command are known. If [t, τ ] is chosen to be equal to the period of time delayτ d , then x (t) will be the predicted state vectorτ d seconds into the future. Knowledge of future remotely piloted command u (t) is required to calculate the convolution integral. However, if remotely piloted command is assumed to remain constant during the time delay interval, a closed form solution is possible. Assuming that the remotely piloted command during the time delay interval is constant, the convolution integral in (8) may be written as follows:
Thus, the predicted state vector at time t = (t 0 +τ d ) is calculated with:
Substituting = eĀτ d and =Ā −1 · eĀτ d − I , then the predicted state vector of RPV can be rewritten as:
According to the prediction algorithm in (11), we can obtain the state prediction of (7) as:
whereθ (t +τ d ) andn y (t +τ d ) are the predicted values obtained with the state prediction algorithm at the flight time (t +τ d ).
B. DESIGN OF ADAPTIVE SLIDING MODE CONTROLLER
Considering the unmodeled dynamics and parameter uncertainties of (6), simultaneous equations (6) and (12), the RPV state space based on state prediction at the flight time (t +τ d ) can written as:
Remark 5: Because the state prediction algorithm is derived from the hypothesis that the small perturbation is linearized, predicted errors are inevitable. Thus, in the affine model (13), we useˆ i to represent the equivalent parameter uncertainties, unmodeled dynamics and the predicted errors of state prediction instead of a detailed expression of them. Assumption 1: The given reference trajectory θ c and corresponding derivativeθ c are smooth and bounded.
Assumption 2: The equivalent disturbancesˆ i are bounded as follows:
The tracking error is defined as follows:
where x c = θ c is the reference signal of RPV flight-path angle.
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To design the sliding mode controller, the sliding mode surface is specified as:
where c is a positive constant. Taking the time derivative of sliding mode surface yields:
After designing the sliding mode surface, the next step is to design the sliding mode control law so that the reaching condition s x ṡ x < 0 can be satisfied. This condition ensures that the control law will force the trajectories of the closed loop control system toward the sliding mode surface within finite time and all the trajectories will stay thereafter. To achieve the reaching condition, the control law is proposed as:
where η > cD 1 + D 2 , k s is a positive constant. Lemma 1: With assumptions 1 and 2, if the control law (17) is applied, then the reaching condition is guaranteed.
Proof: Defining the following Lyapunov function:
Then taking the derivative of V 1 and using (15) and (16), we have:
Then substituting u (t +τ d ) into (19) yields:
The proof is completed. Because T is an uncertain parameter, to estimate it, the adaptive sliding mode control law is designed. Let λ = T , then (13) can be rewritten as:
Assumption 3: Assuming the bound of the uncertain parameter λ as:
λ is defined as the estimated value of λ, the estimated error can be defined as:λ
=λ − λ
The adaptive law ofλ iṡ
where -λ > 0 and
Then the SPASM controller can be obtained as:
Lemma 2: With assumptions 1-3, if the control law (24) is applied, then the reaching condition is guaranteed.
Proof: Defining the following Lyapunov function
Then taking the derivative of V 2 , we have:
Then substituting u * (t +τ d ) into (26) yields:
Sȯ
The proof is completed. According to the LaSalle invariance principle, the closed loop system is asymptotically stable. When t → ∞, s → 0 andλ → 0, convergence rate depends on k s .
To eliminate the chattering of adaptive sliding mode controller, we adopt hyperbolic tangent function instead of sign function. Then the control law (24) is modified to be:
where ε > 0 is a designed parameter. Then (28) can be rewritten aṡ
lemma 3: For any x ∈ R and any σ > 0 the following inequality holds [47] :
where µ is a constant that satisfies µ = e −(µ+1) , so µ = 0.2785. The proof of the above lemma follows after straightforward algebraic manipulation and is therefore omitted. lemma 4: For any V : [0, ∞) ∈ R, the solution about inequalityV ≤ −κV + f , ∀t ≥ t 0 ≥ 0 as follows [48] :
where κ is an arbitrary constant. According to lemma 3, we have:
Then η |s| − ηs tanh ε −1 s ≤ ηµε, that is
So we can geṫ
Thus all the signals included in the Lyapunov function V 2 (t) are bounded [49] .
Remark 6: In order to prevent the control input u * (t +τ d ) excessive caused by overestimation problem ofλ, orλ ≤ 0, it is necessary to modify the adaptive law to limitλ within the range of λ min λ max , A mapping adaptive law can be used to modify (23)λ
where
That is, whenλ exceeds the maximum value, if there is a tendency to continue to increase, that isλ > 0, then the value ofλ remains unchanged. Whenλ exceeds the minimum value, if there is a tendency to continue to decrease, that iṡ λ < 0, then the value ofλ remains unchanged. 
Remark 7:
Using the modified adaptive law can guaranteẽ
Therefore, the structure of SPASM controller for RPS is shown as Fig. 2 .
IV. SIMULATION
In this section, three numerical examples are given to illustrate the effectiveness and the robustness of the SPASM controller. The initial state variables are set as H 0 = 8000m, V 0 = 246m/s, α 0 = 0 rad, θ 0 = 0 rad, q 0 = 0 rad s, n y0 = 0g.
In this paper, assuming that a given control augmentation system of RPV is a typical three-loop controller. The control law is employed as follow:
where k n y , k α and k q are the control gains, which are selected as k n y = 0.15, k α = 4.1729 and k q = −0.3738, e n yRPV = n yc − n yRPV is the tracking error of control augmentation system of RPV. According to the dynamic characteristics of the control augmentation system of RPV, we can approximate the equivalent time constant asT = 0.28 sec. The estimated parameterλ (t) is initialized at zero initial conditions. The proposed controller parameters are chosen as
To compare the advantages of the SPASM controller with those of the conventional LQR controller in the conditions of large time delay, unmodeled dynamics and parameter uncertainties, a LQR controller with similar dynamic characteristics is used.
Case I.
To test the tracking performance of the proposed method, a step reference signal is utilized here. The step reference signal considered in this paper is θ c = 0.35 rad. With considering the overload of RPV, the step reference signal should pass a second-order prefilter to get a smooth trajectory. The prefilter is chosen as
The tracking performances of the SPASM controller and LQR controller can be found in Fig. 3 , where the solid line represents the given reference signal that needs to be tracked, the dash line represents the response of the LQR controller, and the dashdot line represents the response of the SPASM controller. In Fig. 3 For comparison, we use the same reference signal with Case I, the tracking performance of LQR controller and SPASM controller can be found in Fig. 4 and Fig. 5 , respectively. In Fig. 4 , we can see that in the conditions of time delay, unmodeled dynamics and parameter uncertainties, the response of flight-path angle is oscillation and divergence, it means that the close-loop system is instability. From Fig. 5 , we can see that although the simulation example has large time delay, unmoleded dynamics and parameter uncertainties, the SPASM controller can maintain desirable tracking of the reference signal. The other control parameters are given in Fig. 7-Fig. 9 . According the sliding surface and the control input shown in Fig.7 and Fig.8 , we can see that the sliding surface and the control input are smooth and bounded. Fig. 9 shows the estimated parameterλ of the control augmentation system of RPV, and that the estimated parameter value converges to 0.25. Therefore the proposed SPASM controller can achieve good performance for the RPS with large time delay, unmoldeled dynamics and parameter uncertainties. From the simulation results, the validity of the proposed controller can be easily testified.
Case III. Validation of robustness To demonstrate the robustness of the proposed method, ±0.2 sec deviation of time delay is considered in case III. In this numerical example, the equivalent time delay is Fig. 10 , we can see that the predictive values can quickly track the reference value, but because of the time delay deviation of −0.2 sec, the predictive value will be slightly ahead of the reference value. Fig. 11 shows the state predictive values with time delay deviation of 0.2 sec, where the dashdot line represents the response of time delaỹ τ d + τ d = 0.5 sec with no state prediction, and the dash line represents the predictive value of time delayτ d = 0.3 sec. In Fig. 11 , we can see that the predictive values can quickly track the reference value, but because of the time delay deviation of 0.2 sec, the predictive value will lag slightly behind the reference value.
The control input and the tracking performance of SPASM controller can be found in Fig. 12 and Fig. 13 respectively when the time delay isτ d ± τ d . From Fig. 12 , we can see that the control input is smooth and bounded. From Fig. 13 , we can see that despite time delay deviation, unmoleded dynamics and parameter uncertainties existing in the simulation, the response curves are smooth and stable. Therefore, the proposed SPASM controller has sufficient robustness to maintain the desirable tracking performance.
V. CONCLUSIONS
In this paper, an innovative strategy of pilot/vehicle closedloop system is presented and an adaptive sliding mode control method based on state delay prediction is designed for the RPS. With consideration of the time delay caused by the great transmission delay existing in RPS, a prediction algorithm is proposed to provide the state prediction by using the state transition matrix. To approximate the uncertain lag of RPV control augmentation system, an adaptive law is proposed to estimate the parameter uncertainties, and the overestimating problem is resolved efficiently. Meanwhile, to deal with the unmodeled dynamics and the predicted errors, a sliding mode controller is designed to guarantee the robustness of the whole closed-loop system. Simulation results show that the SPASM controller can not only guarantee the stability of RPS in the presence of large time delay, but also has desirable performance of tracking the pilot's inputs while existing unmodeled dynamics and parameter uncertainties. 
